After injury to the CNS, extracellular matrix molecules such as tenascin are upregulated around the injury site and may be involved in inhibition of axon growth. In the present study, astrocytes were investigated to determine which cell types, growth factors, or cytokines are responsible for the injuryinduced regulation of tenascin. The addition of activated macrophage-or microglial-conditioned medium increased astrocytic expression of tenascin 2.5-fold, as determined by Northern and Western blot analysis and ELISA. Of the cytokines and growth factors examined, only transforming growth factor-␤1 (TGF-␤1) and basic fibroblast growth factor (bFGF) significantly induced an increase in the production of astrocytic tenascin. Examination of macrophage and microglial supernatants showed the presence of TGF-␤1 but not bFGF; however, the TGF-␤1 concentration in supernatants was lower than that expected to induce an increase in astrocytic tenascin similar to that seen with recombinant TGF-␤1. Western blot analysis of astrocytes showed only the presence of bFGF. Compared with the responses of the individual growth factors, tenascin production by astrocytes was dramatically potentiated when grown in the presence of a combination of both TGF-␤1 and bFGF. A similar synergistic effect was observed after the addition of either TGF-␤1 or bFGF to macrophage-conditioned medium. Northern analysis also showed concomitant increases in TGF-␤1, bFGF, and tenascin after CNS injury to animals 14 d of age or older. These results show that the regulation of astrocytic tenascin is mediated by the synergistic action of TGF-␤1 and bFGF in vitro and after injury in vivo.
After injury to the CNS, extracellular matrix molecules such as tenascin are upregulated around the injury site and may be involved in inhibition of axon growth. In the present study, astrocytes were investigated to determine which cell types, growth factors, or cytokines are responsible for the injuryinduced regulation of tenascin. The addition of activated macrophage-or microglial-conditioned medium increased astrocytic expression of tenascin 2.5-fold, as determined by Northern and Western blot analysis and ELISA. Of the cytokines and growth factors examined, only transforming growth factor-␤1 (TGF-␤1) and basic fibroblast growth factor (bFGF) significantly induced an increase in the production of astrocytic tenascin. Examination of macrophage and microglial supernatants showed the presence of TGF-␤1 but not bFGF; however, the TGF-␤1 concentration in supernatants was lower than that expected to induce an increase in astrocytic tenascin similar to that seen with recombinant TGF-␤1. Western blot analysis of astrocytes showed only the presence of bFGF. Compared with the responses of the individual growth factors, tenascin production by astrocytes was dramatically potentiated when grown in the presence of a combination of both TGF-␤1 and bFGF. A similar synergistic effect was observed after the addition of either TGF-␤1 or bFGF to macrophage-conditioned medium. Northern analysis also showed concomitant increases in TGF-␤1, bFGF, and tenascin after CNS injury to animals 14 d of age or older. These results show that the regulation of astrocytic tenascin is mediated by the synergistic action of TGF-␤1 and bFGF in vitro and after injury in vivo.
Key words: microglia; extracellular matrix; astrocyte; growth factors; cytokines; glial-scar formation; wound healing Extracellular matrix (EC M) molecules play an important role in mediating the wound-healing process in many tissues, including the C NS. In many regions of the adult C NS, EC M molecules, such as chondroitin sulfate proteoglycan (C SPG) and tenascin, are expressed at low levels; however, injury induces a prominent upregulation of their expression. This upregulation is primarily associated with reactive astrocytes that surround the injury site and secrete tenascin into the extracellular milieu (McKeon et al., 1991; Lay well et al., 1992) . Immunohistological staining of tenascin shows that it is confined to the region surrounding the wound and within areas of degeneration in white matter tracts. This is particularly important with respect to tissue culture experiments that have demonstrated that tenascin can be inhibitory to neurite outgrowth and potentially refractory to axon regeneration through the wound site L ochter et al., 1991; Gates et al., 1996) .
The role tenascin and other extracellular matrix molecules play during C NS wound healing is unclear. Tenascin has been shown to have antiadhesive properties that may be involved in modulating cell migration or axonal growth (L otz et al., 1989; Riou et al., 1990; L ochter et al., 1991) . Tenascin also interacts with cell surface integrins (Sriramarao et al., 1993) as well as other ECM molecules, such as proteoglycans, several forms of collagen , and fibronectin (Chiquet-Ehrismann et al., 1991) . This indicates that tenascin is most likely involved in matrix organization as well as in cell-substrate interactions (Lightner and Erickson, 1990) and may contribute to the formation of glial scarring.
Injury to the adult CNS produces a complex series of cellular interactions that ultimately results in the establishment of gliosis, or glial scar formation. Two prominent cell types involved in mediating the wound-healing response are microglia/macrophages and astrocytes. Shortly after injury, hematopoietic macrophages and microglia become activated and release a myriad of cytokines and growth factors. Cytokines, such as interleukin-1 (IL-1) and interferon-␥ (IFN-␥), have been shown to induce astrocyte proliferation and hypertrophy, thus, potentially producing reactive gliosis (Giulian et al., 1988; Yong et al., 1991) . Other factors believed to be released by macrophages and microglia are transforming growth factor-␤1 (TGF-␤1) and basic fibroblast growth factor (bFGF). In several studies, TGF-␤1 has been shown to stimulate fibroblasts to increase their production and secretion of several extracellular molecules, including fibronectin and tenascin . Increased expression of fibronectin and laminin was observed in astrocytes treated with TGF-␤1 (Baghdassarian et al., 1993) as well as in brains of transgenic mice overexpressing TGF-␤1 (Wyss-Coray et al., 1995) . Tenascin expression also was observed to increase in astrocytes stimulated by bFGF (Meiners et al., 1993) . These studies indicate that injury-induced factors or cytokines secreted by activated macrophages and microglia have the potential of upregulating the expression of ECM molecules. A thorough examination of tenascin regulation by astrocytes grown in the presence of cytokines, growth factors, or activated macrophage-and microglial-conditioned media has never been done.
The present study examines the regulation of tenascin by astrocytes grown in activated macrophage-or microglialconditioned medium or in the presence of specific growth factors or cytokines known to be upregulated after C NS injury. Activated macrophage-or microglial-conditioned medium induces a dose-dependent increase in tenascin production and secretion by astrocytes. This upregulation of tenascin by astrocytes is induced by an apparent synergistic effect between TGF-␤1 released from macrophages and microglia and bFGF expressed by astrocytes. Northern blot analysis of normal and injured brain correlates well with these in vitro observations, demonstrating concomitant increases in tenascin, TGF-␤1, and bFGF after injury. Identification of the factors that regulate tenascin expression after injury will allow manipulation of tenascin expression and evaluation of its role in C NS wound healing and axonal regeneration.
MATERIALS AND METHODS
Cell cultures. Purified astrocytes were prepared from newborn rat cerebral cortices using a modification of the method of Smith et al. (1990) . C erebral cortices were isolated, and meningeal tissue was removed and incubated in calcium and magnesium-free buffer (M EM-C M F) containing 0.025% trypsin and 2 mM EDTA for 30 min at 37°C. Digestion was terminated with the addition of an equal volume of DM EM (GI BC O/ BRL) containing 10% fetal bovine serum (FBS) and 100 l of a solution of 0.5 mg /ml DNase. C ells were dissociated by trituration through a fire-polished Pasteur pipette, plated into polylysine-coated (0.1 mg /ml) 75 cm 2 tissue culture flasks at a density of 2.0 ϫ 10 7 cells/flask, and incubated at 37°C with 5% C O 2 overnight. Nonadherent cells were removed by shaking, and the medium was replaced. Once cells reached confluence (5-7 d), microglia were extracted using the procedure of Giulian and Baker (1986) . E xtracted microglia were plated into 60 mm dishes at a density of 1 ϫ 10 6 cells/dish. Astrocytes were purified f urther by more vigorous shaking and treatment of cultures for 2 d with 1 ϫ 10 Ϫ5 M cytosine arabinoside. After 3-4 weeks, astrocytes were plated onto 24-well plates (150,000 cells/ well) and grown in Sato's N2 medium for at least 48 hr before addition of cytokines or conditioned medium. All cytokines or conditioned medium were diluted to 0.5 ml in Sato's N2 medium before addition to the wells. In all experiments, astrocytes were grown for an additional 48 hr after the addition of the cytokines or conditioned medium. All experiments also included Sato's N2 medium and activated macrophage-conditioned medium (-C M) controls.
Macrophages were isolated by injecting 20 ml of M EM-C M F into the peritoneal cavity of anesthetized rats. After several minutes, the cavity was opened under a sterile dissection hood, and the medium was removed using a Pasteur pipette. Macrophages from two to three animals were collected, pooled, placed on ice for 10 min, and centrif uged at 1000 rpm for 10 min. C ells were resuspended in 10 ml of DM EM containing 10% FBS and plated onto a 100 mm dish. After 4 hr, the nonadherent cells were removed and discarded. The adherent macrophages were extracted from the dish using a 0.025% trypsin solution containing 2 mM EDTA and replated at 1 ϫ 10 6 cells per 60 mm dish. Zymosan-A-activated macrophage-conditioned medium. Peritoneal macrophages and brain microglia were isolated and plated in DM EM containing 10% FBS for 48 hr at 37°C in 5% C O 2 . Macrophages were washed twice in serum-free Sato's N2 medium to remove serum residue and were incubated for 48 hr in Sato's N2 medium containing 100 g /ml zymosan-A (Sigma, St. L ouis, MO). Preboiled zymosan-A stimulates peritoneal macrophages and microglia to secrete cytokines (Sanguedolce et al., 1992) . After a 48 hr incubation at 37°C in 5% C O 2 , activated macrophage-conditioned medium was isolated, centrif uged at 5000 ϫ g for 15 min, filtered through a 0.2 m filter (Millipore, Bedford, M A), and stored at Ϫ80°C. Zymosan-A consists of particles of killed yeast that are effectively removed from supernatants by centif ugation and filtration to avoid contaminating astrocyte cultures.
Western blot anal ysis. Identical amounts (500 l) of astrocyte supernatant, after various treatments, were precipitated in 10 volumes of acetone at Ϫ20°C for 2 hr to overnight. Proteins were pelleted by centrif ugation at 15,000 rpm, dried, and resuspended in 100 l of Laemmli's buffer. To each well of a 6% SDS-polyacrylamide gel was added 40 l of sample. After running the gel, proteins were transferred to a poly vinylidene difluoride membrane. Membranes were blocked using 5% nonfat dry milk in Tris-buffered saline with 0.05% T ween-20 (TBST). Proteins of interest were identified using rabbit anti-tenascin (1:500; GI BC O/ BRL), chicken anti-TGF-␤1 (1:500; R & D Systems, Minneapolis, M N), or goat anti-bFGF (1:500; R & D Systems) in blocking solution. After a 3 hr incubation in primary antibody, the membranes were washed five times for 10 min each in TBST. After washing, the membranes were incubated in either goat anti-rabbit IgG (1:7500; Promega, Madison, W I), goat anti-chicken IgG (1:5000; Jackson ImmunoResearch, West Grove, PA), or donkey anti-goat (1:5000; Jackson ImmunoResearch) conjugated with alkaline phosphatase for 2 hr. Membranes were washed as above and developed using 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium solutions (Boehringer Mannheim, Indianapolis, I N).
ELISA. For these experiments ELISAs were done similar to the procedure of Lightner and Erickson (1990) . For each experiment, 50 l of medium was transferred to ELISA plates, and proteins were bound overnight. Nonspecific background was blocked by adding 200 l of TBST containing 2% powdered milk (Blotto) for 2 hr at room temperature. To five of the six wells (the sixth well is a secondary antibody control and blank) anti-tenascin (1:800) diluted in Blotto was added and incubated for 3 hr. Wells were washed six times in TBST and incubated in alkaline phosphatase-conjugated antibody (1:3000 in Blotto; Promega) for 2 hr. The wells were washed as above, developed with 0.5 mg /ml p-nitrophenyl phosphate (Sigma) dissolved in buffer (0.1 M Na 2 CO 3 and 5 mM MgC l 2 at pH 9.5), and recorded at 405 nm in a microplate reader (EL -311; Bio-Tek Instruments, Burlingame, CA).
For quantif ying the amount of TGF-␤1 in activated macrophageconditioned medium, a two-site ELISA system was used as described by Danielpour et al. (1990) . To capture TGF-␤1 from conditioned medium, we added 50 l of a PBS solution containing 20 g /ml monoclonal anti-TGF-␤1 (Genzyme, Boston, M A) to a 96 well plate. After a 2 hr incubation at room temperature, the wells were washed three times with TBS and blocked as described above. Fifty microliters of either activated macrophage-, microglial-, or astrocyte-C M were added to six wells and incubated as above. In addition, a titration curve of purified TGF-␤1 (0, 0.05, 0.1, 0.25, 0.5, 0.75, 1.0, and 2.0 ng /50 l) in Sato's N2 medium was done in triplicate. The rest of the procedure is as described above except that the detection antibody used was chicken anti-TGF-␤1 (1:1000) followed by goat anti-chicken (1:2500) alkaline phosphatase-conjugated secondary antibody.
Brain lesions and R NA isolation. Newborn and adult rats were lesioned by inserting a microknife through the cortex to sever the corpus callosum lateral to the ventricle [similar to the procedure of Lindsay et al. (1982) ]. To create the lesions, we cut and retracted the skin on adult rats. A small groove was cut through the skull ϳ2.5 mm from the midsagittal sinus extending ϳ6 -7 mm between the landmarks lambda and bregma. A microknife was inserted through the groove 5 mm into the cortex and moved along the groove, cutting through the body of the corpus callosum. For rat pups, the microknife was inserted 2 mm anterior to bregma and 1 mm lateral to the midsagittal sinus and slowly brought up through the corpus callosum. All animals were killed 3 d after injury.
Northern blot anal ysis of R NA samples. Total RNA was isolated from age-matched normal and lesioned rat brains using the guanidinium thiocyanate -phenol -chloroform (X ie and Rothblum, 1991) method. RNA quality was determined by agarose gel electrophoresis and from its absorbance at 260 and 280 nm. Identical amounts of total RNA isolated from normal and lesioned rat brains of various ages were electrophoresed on a 1% agarose gel containing 0.66 M formaldehyde and 1ϫ gel-running buffer (40 mM morpholinopropanesulfonic acid, MOPS, pH 7.0; 10 mM sodium acetate; and 1 mM EDTA). The RNA was transferred to a Nytran membrane (Schleicher & Schuell, Keene, N H) and cross-linked by UV irradiation in a Stratolinker (Stratagene, La Jolla, CA). Nonspecific hybridization was blocked by incubating the membrane in prehybridization solution [10ϫ Denhardt's solution, 50% formamide, 5ϫ salinesodium phosphate -EDTA buffer (SSPE), 0.2 mg /ml sheared-salmon sperm DNA, 100 g /ml yeast tRNA, and 0.5% SDS] overnight at 60°C. After prehybridization, Northern blots were incubated overnight with 32 P-labeled probe (1 ϫ 10 6 cpm /ml) under the same conditions as described for prehybridization and were washed in 1ϫ SSPE and 0.5% SDS three times at 65°C with a final wash in 0.1ϫ SSPE and 0.5% SDS at 65-70°C. RNA bands were identified by autoradiography.
To generate cRNA probes, we incubated linearized vector (0.2-1.0 g) in 1ϫ transcription buffer (40 mM Tris, pH 7.5, 6 mM MgC l 2 , 2 mM spermidine, and 10 mM NaC l), 10 mM DTT, 1 U/l RNasin (Promega), 0.5 mM N TPs (ATP, GTP, and UTP), 12 M C TP, 25 Ci [␣-
32 P]C TP, and 5 U of T3 polymerase (Promega) for 60 min at 37°C. DNA templates were removed by adding 1 U of RNase-free DNase I (Boehringer Mannheim) and incubating at 37°C for 15 min. Proteins were removed by phenol /chloroform extraction, and free nucleosides were removed over a G-50 Sepharose (Pharmacia, Piscataway, NJ) column. Radioactivity of the probe was then determined using a Beckman scintillation counter. cRNA probe was generated from tenascin cDNA vector pTF N (gift from Dr. U. Dorries), TGF-␤1 cDNA vector pRTGF␤1 (Recombinant DNA; American T ype Culture Collection, Rockville, MD), and bFGF cDNA vector pRObFGF503 (gift from Dr. A. Baird, Prizm Pharmaceut, San Diego, CA).
RESULTS

Activated macrophage-and microglial-conditioned media induce astrocytes to increase their production and secretion of tenascin
After traumatic injury to the C NS that disrupts the vasculature, both hematopoietic monocytes and microglia infiltrate the wound, become activated, and secrete numerous cytokines and growth factors that can influence astrocyte proliferation and expression of surface proteins. Thus, these cells are very important in mediating the wound-healing process. For these reasons, both hematopoietic monocytes (isolated from the peritoneal cavity) and microglia were tested to determine whether they could induce an increase in the production of astrocytic tenascin. Higher amounts of tenascin were released in the supernatants of astrocytes treated for 2, 4, 6, and 8 d with 50% activated macrophage-C M compared with chemically defined medium alone or activated macrophage-C M alone ( Fig. 1 A) . Each time point reflects the complete removal of 2-d-old conditioned medium and the replacement with fresh 50% macrophage-CM. Analysis of the astrocyte monolayers indicated no increase in tenascin associated with the cell surface (Fig. 1 B) . To determine whether the increase in tenascin observed in the astrocyte supernatant was caused by an increase in release of protein or synthesis, we examined total RNA from astrocytes grown for 48 hr in Sato's N2 medium, 50% nonactivated macrophage-CM, 50% activated macrophage-CM, and 10 ng/ml bFGF by Northern blot analysis (Fig. 1C,D) . Astrocytes grown in the presence of activated macrophage-CM for 48 hr showed an increase in tenascin mRNA. A slight increase in tenascin mRNA was also observed after treatment with 10 ng/ml bFGF. These data show that factors present in activated macrophage-CM induce the transcriptional upregulation of tenascin.
To determine whether activated microglial-CM also increases the production of tenascin by astrocytes and whether this increase was dependent on the relative concentration of activated microglial-CM, we treated astrocyte monolayers for 48 hr with different concentrations of activated microglial-CM. Western blot analysis showed a dose-dependent increase in the amounts of tenascin within astrocyte supernatants (Fig. 2 A) . In all Western blots, the addition of either activated macrophage-CM or activated microglial-CM induced the expression of three tenascin isoforms, a single band at 250 kDa and a doublet at 200 kDa. The 200 kDa doublet was usually less abundant when astrocytes were grown in serum-free conditions, and no tenascin was observed in activated microglial-CM (Fig. 2 A) . Similar dose-dependent increases were also observed with the addition of activated macrophage-CM to astrocytes (data not shown). Quantitative analysis by ELISA indicated that the concentrations of tenascin began increasing above 10% added activated microglial-CM and Zymosan-activated microglial-conditioned medium induces a dose-dependent increase in tenascin production by astrocytes. A, Western blot analysis of culture supernatants from astrocytes grown in 0, 15, 30, 45, 60, or 75% activated microglial-conditioned media shows a dosedependent increase in tenascin production by astrocytes. Activated microglial-conditioned medium (MC M) did not contain detectable amounts of tenascin. B, To quantif y tenascin secretion, we grew astrocyte monolayers for 48 hr in Sato's N2 medium alone or in differing amounts of activated microglial-C M. Tenascin content in the supernatants was determined by ELISA and normalized to tenascin expression by astrocytes grown in Sato's N2 medium. Quantitative analysis by ELISA revealed a ED 50 of ϳ40% and a maximal dose of 60% activated macrophage-C M. Error bars represent the SD.
peaked at a concentration of ϳ60% (Fig. 2 B) . At higher concentrations, there was actually a decrease in the amount of observable tenascin within the astrocyte supernatants. This was most likely because of the fact that at these higher concentrations the medium would acidif y between 24 and 48 hr of treatment. In addition, we also observed some cell death for treatments longer than 24 hr, and the monolayers often retracted and detached from the dish within 48 hr. Many of these cells were still viable and could be dissociated and replated onto a fresh dish; however, they would not reattach to the original dish. These data show a dose-dependent relationship between the concentration of activated microglial-C M and astrocyte production of tenascin.
Transforming growth factor-␤1 and basic fibroblast growth factor stimulate tenascin production and act synergistically
To examine which of these factors could potentially affect the production of tenascin, we examined astrocyte-conditioned medium 48 hr after treatment with various factors (Fig. 3) . Quantitative analysis by ELISA shows that 50% activated microglial-CM, 50% activated macrophage-C M, 10 ng /ml TGF-␤1, and 10 ng/ml bFGF increased tenascin production by 118, 143, 262, and 80%, respectively, when compared with tenascin released by astrocytes grown in Sato's N2 medium alone (Fig. 3A) . We also observed a consistent decrease (ϳ50%) in tenascin production when astrocytes were grown in the presence of 200 U/ml IFN-␥. In addition to these factors, no statistically significant change in tenascin was observed after a 48 hr treatment of astrocytes with interleukin-␤1 (IL -␤1), interleukin-6 (IL -6), tumor necrosis factor (TN F-␣), granulocyte-macrophage colony-stimulating factor (GM-C SF), macrophage chemoattractant and activating factor (MCAF), ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), platelet-derived growth factor (PDGF-AB), epidermal growth factor (EGF), insulin-like growth factor I (IGF I), IGF II, or zymosan-A. These factors were examined because they are known to be expressed after brain injury by either macrophages (IL-␤1, IL-6, TNF-␣, EGF, and bFGF), astrocytes (GM-CSF, MCAF, CNTF, bFGF, and IGF), T cells (IFN-␥), or platelets (PDGF) and function in either the activation of macrophages and microglia, cell proliferation, or reactive gliosis (for review, see Lotan and Schwartz, 1994; Gehrmann et al., 1995) . These data show that of all the cytokines and growth factors examined, only TGF-␤1 and bFGF induce an increase in tenascin production by astrocytes, with TGF-␤1 having a more robust effect.
Although many of these growth factors influence astrocyte proliferation, there seemed to be no correlation between the extent of proliferation and tenascin production. To determine cell proliferation, astrocytes were treated for 48 hr in the presence or absence of growth factors, fixed with MeOH at Ϫ20°C, and stained with ethidium bromide, and the number of nuclei were counted from 10 randomly selected fields or samples using MetaMorph image analysis software. These data show no statistically significant difference in the number of nuclei when astrocytes were grown in TGF-␤1 and only a slight increase when grown in bFGF (18 Ϯ 1.9%), IFN-␥ (17 Ϯ 2.5%), or a combination of bFGF and TGF-␤1 (18 Ϯ 1.7%) when compared with astrocytes grown in the absence of these factors. We did observe, however, a dramatic increase in cell proliferation after the addition of either PDGF or EGF (56 Ϯ 13% and 43 Ϯ 25%, respectively). Even though cell division rates increased by almost 50% after the Figure 3 . In addition to macrophage-and microglialconditioned medium, only TGF-␤1 and bFGF caused increased production of tenascin by astrocytes. A, The amount of tenascin secreted by astrocytes grown in the presence of activated macrophage-conditioned medium or specific cytokines was examined by ELISA. For these experiments, astrocytes were plated into the wells of a 96 well plate (20,000 cells per well) and grown in the presence of Sato's N2 medium, 50% nonactivated macrophage-C M (MϪ), 50% zymosan-activated macrophage-C M (Mϩ), 50% nonactivated microglial-C M (MicϪ), 50% zymosan-activated microglial-C M (Micϩ), 10 ng /ml bFGF, 10 ng /ml TGF-␤1, 10 ng /ml IL -␤1, 25 U/ml IL -6, 2500 U/ml TN F-␣, 50 U/ml GM-C SF, 10 ng /ml MCAF, or 200 U/ml I F N-␥ for 48 hr. All data points were normalized to the tenascin expression from astrocytes grown in Sato's N2 medium. Other cytokines and growth factors (C N TF, LI F, PDGF-AB, EGF, and IGF I and II) were also tested and showed no statistically significant increase in tenascin production by astrocytes. Error bars represent the SD *p Ͻ 0.01; **p Ͻ 0.001. B, Western blot analysis of 48 hr-conditioned media from activated microglia (MicroCM ), activated macrophages (MacroCM ), and astrocytes (AstroCM ) revealed that microglia and macrophages, but not astrocytes, release detectable amounts of TGF-␤1 into their respective media. C, Western blot analysis of activated microglial-C M, activated macrophage-C M, and astrocyte monolayers (Astro) shows that only astrocytes contained detectable amounts of bFGF. As positive controls, each blot contains either recombinant human TGF-␤1 (rTGF-␤1) or recombinant human bFGF (rbFGF). addition of PDGF or EGF, no increase was observed in tenascin expression in these supernatants.
Both TGF-␤1 and bFGF are known to be expressed after brain injury in microglia and astrocytes. To determine whether these factors are present in our activated microglial-, activated macrophage-, or astrocyte-conditioned media, we examined each conditioned medium by Western blot analysis. Western blots of nonreduced proteins precipitated from 1.0 ml of conditioned medium showed the presence of TGF-␤1 protein in both activated microglial-C M and activated macrophage-C M but not in astrocyte-conditioned medium (Fig. 3B) . Under these nonreducing conditions, the active form of the TGF-␤1 dimer can be observed migrating at 25 kDa. Protein bands that migrated at 40 and 31 kDa most likely represent the inactive preprocessed forms of TGF-␤1. Quantitative analysis by ELISA of the amount of TGF-␤1 in these media indicate a relative concentration of 4.1 Ϯ 0.8 ng /ml or 5.3 Ϯ 0.4 ng /ml for media isolated from 1 ϫ 10 6 activated microglia or macrophages, respectively. No detectable amount of bFGF was observed on identical Western blots of conditioned media. Solubilization and examination of cytosolic proteins by Western blot analysis show detectable amounts of bFGF in astrocytes but not in activated microglial-or macrophage-C M (Fig. 3C) . These results indicate that TGF-␤1 but not bFGF is released from activated macrophages and microglia.
The concentration of TGF-␤1 detected in our activated microglial-or macrophage-conditioned media is less than half of what would be predicted for an equivalent increase in tenascin by purified TGF-␤1. Although bFGF is not detected in activated microglial-, macrophage-, or normal astrocyteconditioned media, bFGF has been hypothesized to be released by cell death or perturbation (McNeil et al., 1989) . To determine whether bFGF release could potentiate tenascin production in the presence of TGF-␤1, we examined the dosedependent expression of astrocytic tenascin in the presence of TGF-␤1, bFGF, and a mixture of both TGF-␤1 and bFGF at equal concentrations. Western blot analysis of supernatants from astrocytes treated for 48 hr in 0.5, 1.0, 5.0, 10.0, 20.0, and 40.0 ng /ml TGF-␤1 shows a dose-dependent increase in tenascin production (Fig. 4 A) . Tenascin production from astrocytes treated with 50% activated macrophage-C M seemed similar to that between 5 to 10 ng /ml TGF-␤1. Western blot analysis of astrocyte supernatants treated with a combination of both TGF-␤1 and bFGF also showed a dose-dependent increase in tenascin production but at much lower concentrations of TGF-␤1 (Fig. 4 B) . These growth factors also seemed to regulate the expression of tenascin isoforms differentially. In the presence of TGF-␤1, there is a more prominent increase in the doublet at 200 kDa than in the 250 kDa band; however, bFGF seems to have the opposite effect. An identical difference in the regulation of tenascin isoforms by either TGF-␤1 or bFGF has also been observed in fibroblasts (T ucker et al., 1993) . Quantitative analysis of tenascin by ELISA shows a dramatic difference between the effects of TGF-␤1 alone and in combination with bFGF (Fig. 4C) . The combination of TGF-␤1 and bFGF showed a maximal increase in tenascin of 700% at 5.0 ng /ml and an ED 50 of 350% between 1.5 and 2.0 ng /ml, whereas for TGF-␤1 alone, the maximal increase was 400% at ϳ20 ng /ml, and the ED 50 was ϳ200% between 6 and 7 ng /ml. These data show that the addition of an equal amount of bFGF to TGF-␤1 increases the maximal amount of tenascin almost twofold at less than one-third the concentration of TGF-␤1 needed alone.
Macrophage and microglial induction of tenascin is dependent on synergistic activity between TGF-␤1 and bFGF
To examine the possibility that tenascin expression by astrocytes grown in the presence of activated microglial-or macrophage-CM is caused by the synergistic action of TGF-␤1 and bFGF, we grew astrocytes for 48 hr in 50% activated macrophage-CM in the presence of 2.5 ng/ml TGF-␤1 or bFGF (Fig. 5A ). The addition of either bFGF or TGF-␤1 to macrophage-CM induced an increase in tenascin production, which was on average 2.5-fold higher than that of 40% activated macrophage-CM alone, 5.75-fold higher than that of 5 ng/ml bFGF, and 2.15-fold higher than that of 5 ng/ml TGF-␤1. This increase was also slightly higher than that of a combination of 2.5 ng/ml TGF-␤1 and bFGF. These data show that the addition of either bFGF or TGF-␤1 to macrophage-CM can equally potentiate tenascin production, indicating the endogenous presence of both bFGF and TGF-␤1 in astrocyte cultures treated with macrophage-CM.
Interferon-␥ is expressed by T cells in many forms of injury, such as multiple sclerosis, experimental allergic encephalomyelitis, and almost any injury in which T cells enter the brain (Yong et al., 1991) . Interferon-␥ is an important inflammatory cytokine that has been shown to activate macrophages and microglia and to induce astrocyte reactivity (L otan and Schwartz, 1994; Gehrmann et al., 1995) . In earlier experiments, we observed that IFN-␥ reduced tenascin expression by astrocytes grown in serumfree medium. This response is also dose-dependent and shows a maximal repression of astrocytic tenascin at a concentration between 100 and 200 U/ml I F N-␥ (data not shown). In combinatorial experiments, I F N-␥ consistently reduced tenascin expression by 55-60% compared with matched culture conditions grown in the absence of I F N-␥ (Fig. 5A ), indicating that this cytokine represses the expression of tenascin by astrocytes grown in the presence of growth factors.
To directly determine whether TGF-␤1 and bFGF functioned synergistically to upregulate tenascin expression, we treated astrocytes with 40% activated macrophage-C M alone or after pretreatment with antibodies that neutralized the activity of either TGF-␤1 or bFGF. Western blot analysis of samples pretreated with anti-TGF-␤1 shows a prominent reduction in the expression of tenascin when compared with that caused by macrophage-CM alone (Fig. 5B) . The addition of antibody at Ն2.5 g/ml reduced the amount of tenascin, particularly the 200 kDa doublet, to the amount reminiscent of astrocytes treated with Sato's N2 medium alone. Pretreatment with anti-bFGF showed a reduction in tenascin expression similar to that observed with anti-TGF-␤1; however, there was a persistence in the expression of the 200 kDa doublet and a substantial reduction in the 250 kDa band (Fig. 5C ). The prominence of the 200 and 250 kDa tenascin bands, however, was variable when astrocytes were grown in the presence of either macrophage-or microglial-CM. This variability may be caused by differences in the amount of activated TGF-␤1 in macrophage-or microglial-CM or in the release of bFGF by astrocytes. Astrocytes grown in the presence of macrophage-CM alone or pretreated with different concentrations of normal goat serum showed no change in the relative expression of tenascin (data not shown). These neutralization experiments demonstrate the synergistic action of TGF-␤1 and bFGF for the induction of tenascin by macrophage-CM. These data also reinforce the differential expression of tenascin isoforms by these two growth factors.
Injury to the postnatal or adult brain induces a concomitant increase in tenascin, TGF-␤1, and bFGF
Our in vitro data show that activated macrophage-and microglialconditioned media induces the upregulation of tenascin by astrocytes. This upregulation is, most likely, mediated by a combined expression and release of TGF-␤1 and bFGF from microglia and Figure 5 . Tenascin expression in the presence of activated macrophage-CM is induced by a synergistic effect between TGF-␤1 and bFGF. A, To examine the possibility that either TGF-␤1 or bFGF could potentiate the effect of activated macrophage-conditioned medium (MacCM ), we determined the relative amount of tenascin by ELISA of supernatants of astrocytes grown in Sato's alone, 40% MacCM, TGF-␤1, bFGF, TGF-␤1 and bFGF, or 40% MacCM containing 2.5 ng/ml TGF-␤1 or bFGF. Astrocytes grown in the presence of 5 ng/ml bFGF, 5 ng/ml TGF-␤1, and 2.5 or 5 ng/ml bFGF and TGF-␤1 produce 0.4-fold, 1.2-fold, 2.0-fold, and 3.8-fold, respectively, the amount of tenascin as do those grown in 40% MacCM. The addition of 2.5 ng/ml bFGF or TGF-␤1 to 40% MacCM, however, caused a 2.5-fold increase in tenascin compared with the addition of MacCM alone. This potentiation is greater than an additive effect of the individual factors and suggests that both bFGF and TGF-␤1 are present in these culture conditions. The addition of 200 U/ml IFN-␥ to Sato's N2 medium alone, 2.5 ng/ml bFGF and TGF-␤1, or 40% MacCM reduced tenascin expression by 40, 55, and 55%, respectively, compared with identical treatments in the absence of IFN-␥. B, C, To further examine the contribution of either TGF-␤1 or bFGF, we pretreated activated macrophage-CM (Mϩ) with antibodies that neutralize the activity of TGF-␤1 (B) or bFGF ( C) before addition of the media to astrocytes. Immunoblot analysis of tenascin in astrocyte supernatants shows a distinct reduction in the expression of tenascin when Mϩ was pretreated with either anti-TGF-␤1 or anti-bFGF. Error bars represent the SD; *p Ͻ 0.01; **p Ͻ 0.001. astrocytes, respectively. To determine whether a similar mechanism for tenascin upregulation occurs in vivo, we examined lesioned brains at various ages from newborns to adults by Northern blot analysis for the expression of tenascin, TGF-␤1, and bFGF (Fig. 6) . These ages were selected because injury-induced increases in tenascin expression do not occur within the first week of birth (McKeon et al., 1991) , although tenascin is expressed at the boundary of cortical barrels (Steindler et al., 1989) . Northern blots probed for tenascin showed an 8.0 kb transcript present in both normal and injured 4-and 7-d-old rat pups (Fig. 6 A) . In animals 14 d of age and older, there was no detectable amount of tenascin in normal brains; however, after injury, tenascin expression dramatically increased (Fig. 6A) . The high levels of tenascin mRNA observed in the normal brains of neonates and the subsequent decline to 14 d of age and older are consistent with previous studies (Steindler et al., 1989; Mitrovic et al., 1994) . Similar blots probed for TGF-␤1 transcripts showed negligible expression of TGF-␤1 in normal brains at all ages (Fig. 6B) . After injury, a small increase in TGF-␤1 was first detected in rat pups 7 d of age. In rats 14 d of age or older, there was a substantial increase in TGF-␤1 expression after brain injury. Northern blots probed with bFGF antisense cRNA showed an expression pattern similar to that observed for TGF-␤1 with increased expression of bFGF after injury. The increase after injury to adults is not as dramatic as that observed in pups 14 -30 d old because of the higher expression of bFGF mRNA in noninjured adults (Fig. 6C) . These data correlate with our in vitro observations and strongly indicate that the coexpression and release of TGF-␤1 and bFGF after injury induce the upregulation of tenascin observed around CNS wounds.
DISCUSSION
Within the normal adult CNS, microglia are believed to be quiescent or in a nonactivated state in which they most likely perform a housekeeping role. After injury, microglia become activated, and with disruption of the vasculature, blood-borne monocytes migrate into the wound cavity, where they also become activated. After activation, these macrophages secrete numerous cytokines (IL-1, IL-6, IFN-␥, TNF-␣, etc.), growth factors (e.g., TGF-␤1), and phagocytosed tissue debris. The activation of microglia and the subsequent release of cytokines may then induce reactive gliosis (Giulian et al., 1994) . Previously, it has been shown that IL-1, IL-6, and TGF-␤1 contribute to reactive gliosis by stimulating astrocyte proliferation or hypertrophy or by increasing GFAP expression (Giulian et al., 1988) . In this study we demonstrated that TGF-␤1 released from activated macrophages and microglia also has a profound effect on increasing the extracellular matrix molecule tenascin. In addition, the release of TGF-␤1 from activated microglia might also induce the expression of fibronectin (Pasinetti et al., 1993) and laminin (Logan et al., 1994) by astrocytes around the lesion site. The expression of these extracellular matrix molecules could dramatically effect the wound-healing process by promoting cell migration, neovascularization, and the formation of the glial scar observed after penetrating injuries.
Of the growth factors and cytokines examined, only TGF-␤1 and bFGF induced the upregulation of tenascin, in which the maximum induction by TGF-␤1 was threefold greater than that of bFGF in serum-free conditions. Previous studies have shown that TGF-␤1, bFGF, and serum can upregulate the expression of tenascin by fibroblasts Tucker et al., 1993) and that bFGF can induce tenascin expression in astrocytes (Meiners et al., 1993) . In these studies, the greatest increases in tenascin expression by bFGF were observed in the presence of serum. Serum is known to have a high concentration of TGF-␤1 from the disruption of platelets (Assoian et al., 1983) , and this TGF-␤1 most likely potentiated the expression of tenascin. The tenascin gene itself contains multiple promoter elements that can interact with transcriptional activators or repressors such as Krox and nuclear factor 1, which can, in turn, be regulated by either TGF-␤1 or bFGF (Copertino et al., 1997) . One surprising finding in this study was the downregulation of tenascin expression when astrocytes were grown in the presence of IFN-␥. In all experiments, the addition of IFN-␥ significantly reduced (ϳ50%) the expression of tenascin when astrocytes were grown in serum-free medium alone or with either activated macrophage-CM or a combination of TGF-␤1 and bFGF. This further demonstrates differential regulation of tenascin in the presence of specific cytokines.
Examination for the presence of these growth factors by Western blot analysis and ELISA indicates that TGF-␤1 was present in Figure 6 . Increased tenascin expression after injury to the late postnatal and adult brain correlates with a concomitant increase in the expression of TGF-␤1 and bFGF. To examine the possibility that tenascin expression after injury in vivo is upregulated by the production of TGF-␤1 and bFGF, we examined mRNA from normal ( N ) and lesioned ( L) 4-, 7-, 14-, 21-, and 30-d-old and adult rat brains by Northern blot analysis. A, Northern blots probed for tenascin show high expression in both normal and lesioned neonatal brains; however, in late postnatal (ՆP14) and adult rats, detectable amounts of tenascin mRNA were only observed in the lesioned brains. B, Northern analyses for TGF-␤1 mRNA show very little expression in the neonates or in normal postnatal and adult brains; however, TGF-␤1 mRNA was easily detectable in lesioned postnatal and adult brains. C, Northern blots probed with antisense bFGF cRNA show injury-induced increases similar to those observed for TGF-␤1. D, Ethidium bromide staining of 28S ribosomal RNA from the gel of the blot in A shows equal loading of RNA. Gels were loaded with 10 g/lane of total RNA for tenascin blots and 25 g/lane of total RNA for TGF-␤1 and bFGF blots.
activated macrophage-and microglial-C M but not in astrocyte-CM. Other studies have also demonstrated the expression of TGF-␤1 by activated macrophages and microglia both in vitro (Assoian et al., 1987) and in vivo (Lindholm et al., 1992; Logan et al., 1992; Pasinetti et al., 1993) . After C NS injury, induction of TGF-␤1 is rapid, occurring within the first day, peaking within 2-3 d, and decreasing 7-14 d after injury (L ogan et al., 1992) . TGF-␤1 is released from cells as a nonactive latent form with an apparent molecular weight of 210 kDa (Miyazono et al., 1988) and activated by either transient acidification (Wakefield et al., 1987) , proteolytic cleavage of latent associated peptide (Lyons et al., 1988) , removal of carbohydrate from TGF-␤1 (Miyazono and Heldin, 1989) , or complex generation in the presence of thrombospondin (Schultz-Cherry and Murphy-Ullrich, 1993). Western blot analysis of TGF-␤1 released from activated macrophages and microglia shows that most of the TGF-␤1 migrated at 25 kDa, which is representative of the active dimer. A low abundance of inactive preprocessed TGF-␤1 was observed as bands that migrated at apparent molecular weights of 40 and 31 kDa, with the 40 kDa isoform being the glycosylated form that is associated with the latent complex (Miyazono and Heldin, 1989) . The high abundance of active TGF-␤1 in these supernatants may be attributable to the release of proteases, such as plasminogen activator, by activated macrophages and microglia (Nakajima et al., 1992; Gottschall et al., 1995) .
Immunoblot analysis of supernatants and cells indicated that astrocytes were the only source containing detectable concentrations of bFGF. Although we could not detect bFGF within astrocyte supernatants, it was relatively abundant within the cytosol. This behavior of bFGF has also been observed in many other cells (Moscatelli et al., 1986; Schweigerer et al., 1987; Rogelj et al., 1989) , but the physiological mechanism by which bFGF is released from cells is unknown because it lacks a signal sequence for secretion (Abraham et al., 1986) . bFGF can be released from cells either by perturbation of the cell membrane, sublethal injury, and cell death (McNeil et al., 1989; Ku and D'Amore, 1995) , or by an undefined endoplasmic reticulum -Golgi independent mechanism other than cell injury (Mignatti et al., 1992) . These mechanisms may explain the low levels of tenascin expression when astrocytes were grown in the absence of growth factors. The addition of either macrophage-or microglial-C M, but not recombinant TGF-␤1, could have augmented the release of bFGF by any of the above mechanisms. The more probable mechanism for release of bFGF might be attributable to lethal or sublethal cellular injury because activated macrophages and microglia are known to secrete several factors that induce cell death, such as TNF-␣, and free radicals. In addition, when the concentration of macrophage-C M exceeded 50%, signs of cell death were observed, and at concentrations higher than 70%, the monolayer detached from the dish. Although the vast majority of cells were viable after replating, significant numbers of dead cells were still apparent. In the presence of activated macrophage-CM, bFGF was most likely released from astrocytes because the addition of bFGF neutralizing antibodies could reduce, whereas the addition of TGF-␤1 could potentiate, tenascin production.
Although TGF-␤1 was detected in activated macrophage and microglial supernatants, the concentration of this molecule was less than half that expected when compared with an equivalent increase in tenascin expression induced by purified recombinant TGF-␤1. This led us to speculate that the effect of TGF-␤1 on tenascin expression might be potentiated by another factor. In combinatorial experiments, examination of tenascin expression by astrocytes grown in the presence of two or more cytokines showed a strong potentiation of TGF-␤1 by bFGF. Using purified cytokines, we observed this effect to be robust, with the relative increase in tenascin production at the ED 50 almost doubled and at a fourfold lower concentration of TGF-␤1 when an equivalent amount of bFGF was added to the TGF-␤1. This effect was also apparent when either TGF-␤1 or bFGF at 2.5 ng/ml was added to activated macrophage-conditioned medium and reflects the presence of both TGF-␤1 and bFGF, as determined using neutralizing antibodies. This synergistic effect has also been observed for tenascin production from fibroblasts (Tucker et al., 1993) . Under such circumstances, the production of these growth factors after a penetrating injury would not only effect matrix production by astrocytes but also by meningeal fibroblasts, contributing even further to the formation of the glial scar. In agreement with these observations, Logan et al. (1994) demonstrated that exogenous application of TGF-␤1 to lesioned brains exacerbated glial scar formation, whereas administration of antibodies that neutralize TGF-␤1 attenuated it.
The prospects that bFGF and TGF-␤1 induce an upregulation in tenascin expression were further substantiated by their correlated expression after injury to the CNS. Brain injury in rats 14 d of age or older showed a dramatic increase in tenascin, TGF-␤1, and bFGF expression. This postnatal injury-induced expression also correlated with a critical period (between 7 and 14 d of age) in which glial scars begin to form and the potential for callosal axon regeneration ends (Smith et al., 1986) . In neonates, tenascin, but not TGF-␤1 or bFGF, was expressed in both nonlesioned and lesioned brains. During this neonatal period, tenascin is expressed at the boundary of individual cortical barrels (Steindler et al., 1989) . This indicates that TGF-␤1 and bFGF induce the expression of tenascin after brain injury in postcritical period rats, but they do not regulate the developmental expression of tenascin.
The exact role tenascin plays in CNS wound healing and regeneration remains undetermined. Tenascin does, however, seem to display contrary multifunctional properties, in which it can support cell binding but inhibits cell spreading (ChiquetEhrismann et al., 1988; Lochter et al., 1991) . It can also support axon growth of some neuronal populations when bound to a substrate under nonchoice paradigms but reduces neurite outgrowth over substrates of fibronectin, laminin, and tenascin when soluble (Lochter et al., 1991) . In these experiments, we only identified tenascin as a soluble component released by astrocytes into the tissue culture medium and did not observe increased cell-surface binding of tenascin by either Western blot analysis or immunofluorescence. This seems consistent with the diffuse extracellular staining pattern for tenascin observed in vivo, in which very little cell-surface staining is apparent. Tenascin may, however, interact with other extracellular matrix molecules, such as chondroitin sulfate proteoglycans (Chiquet and Fambrough, 1984) , also upregulated near the wound site after injury. Tenascin expression is very abundant around the wound site, with a sharp lateral demarcation between the injured and intact brain (Laywell et al., 1992) . In tissue culture experiments such abrupt boundaries between tenascin and other substrates resulted in growth cone turning at the border and exclusion from the area of bound tenascin Perez and Halfter, 1993; Taylor et al., 1993) . Culture explants of wounded mouse neostriatum also illustrate this dichotomy of function for tenascin, in which perturbation with antibodies to tenascin reduced attachment of dopaminergic neurons but increased neurite out-growth from those that did attach (Gates et al., 1996) . Thus, tenascin may play an important role in restricting axon growth into the wound cavity during closure, possibly preventing the establishment of anomalous connections or f urther neuronal damage (for review, see Brodkey et al., 1993) .
